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ABSTRACT
Work during this quarter has consisted of l) completion of the system modi-
Tications and repairs initiated during the previous quarter, 2) measuring
the adhesion between differing silicate minerals whose contact faces huve
been formed "simultaneously" by cleavaege at ultrahigh vacuum, and 3) con=-
tinuation of the theoretical analyses of the>observed long~range attractive

forces,

The system modifications consisted of the design and air testing of a double
cleavage device and an electrometer probe, and the installation of addition-
al ports and feedthrus to permit cperation of these, and a residual gas
analyzer which is to be included in the system, System repairs involved
removing leaks that developed during the previous quafter. These modifica~

tions and repairs were completed by the early part of February.

zigat double cleavage runs were made during the remainder of the guart:z .. 0f
these one was successful, one, though basically unsuccessful, provided scme
interesting information, and the femaining six were failures., The diffi-
culties encountered appear to have been largely overcome and it is expected
that a considerable increase in sﬁccess percentage will occur during the

next quarter,

The successful double cleavage run was for orthoclase (00l) and microcline
(001)., The adhesion force between these was about 0.L gm initially, and
the adhesion gradually dropped below detectable in a few hours, A long

range ettractive force was present, but this had no tendency to rotate or

e s
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displace the samples; also there was no attraction to adjacent retal. To
repulsion was evident at any time., The basically unsuccessful run, which
provided sonme information, was also for orthoclase (00l) and microcline
(001), For this run, both samples broke into several pieces, However, a
small segment of the microcline (upper sample) remained in place and sever-
al fragments of the bottom sample attached themselves to it indicating the

presence of & long range attractive force., These fragments remained attached

until shortly after the system was returned to atmospheric¢ pressure.

Due to the design problems encountered in the double cleavage, we have not

as yet placed the electrometer probe and residual gas analyzer in the system,
It is expected that this will be done during the next quarter. In the inter-
im, we have placed the analyzer in a second, similar, ultrzhigh vacuum system,
No results are available from this system as yet, The readout instrumentsa=-
tion for the load cells, ordered at the beginning of the previous quarter,

thouzgh past due, has not as yet been received,

Theoretical studies of the cause of the long range attractive forces have
continued, Results to date will be presented at the "Adhesion of Materials
In Space Environments" symposium, Toronto, Canada, May 1-2, 1967, The paper

is reproduced in Appendix A,

The recent vacuum cleavage data and their implications to the moon will also

be prosented at the symposium and this paper is reproduced in Appendix B.



1.0 INTRODUCTION

1.1 General

Tihis report proesents a summary of work accomplished during the period
January 1, 1967, through March 31, 1967, on the study of the gltrahigh
vacuun frictional-adhesional behavior of silicates as related to the
lunar surface, This work is being conducted for the Office of Advanced
Rcsearch and Technology, National Aeromautics and Space Administration,

under Contract NAS 7-307.

1.2 Purnoze end Importance of the Prczream

The primary purpose of the progrem is to obtain quantitative experimental
date concerning the ultrahigh vacuum adhnesional behavior of the materials
which may presently exist at the lunar surface and to obtain similar data
for adhesion between these lunar surfece materials and those engineering
materials which may be placed upon the suriace, Additional purposes of
this prograx are to enalyze the data with regard to the possible reactions
of granular nmaterials to engineering operations and to investigate means

by which any problems posed by these reactions may be minimized.

The importance of this program is that adhesion phenomena can pose ser.-

cus problems to lunar surface operations.

1 Vork Accomplished Durins This Quarter

(8%}

The first month of the gquarter consisted of modifying and repairing the

experimental chamber, air testing the double cleavege device, and continuing



the theoretical studies of the cause(s) of the long range attractive forces
observed éfter vacuun cleavage., The remaining two months of the guarter
éonsisted of double cleavage ultrahigh vacuum runs, the initistion of
studies of the source(s) of the gas bursts observed during cleavage opera=

tions, and continued theoretical studies,

2.0 INSTRUMENTATION

The following sections describe the major system modifications mede or begun

during this quarter,

2,1 Lozd Cell

A locad cell was constructed duriﬁg the previous quarter. The purposes of
the cell are to apply load force to the samples after cleavage and to meas-
wite the force-distance relationship of the long range attrective force.

The required readout instrumentatica was ordered at the beginning of the
guuster, The original due date has long since passed, but the eguipment has
noT arrived and the best available information is that we can expect it
sc.ctime during April, Becauge of this difficulty, the mechanical spring

is still Soing used to measure adhesion force.

2.2 Chemzer Modifiecation and Revair

Fz2dthrus to allow an electrometer probe and a residual gas analyzer to be
oiaced in the system, Concurrently, we repsired various lesks which had

coveloped during the latter part of the provious quarter,
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2.2.1 Electrometer Probe: The purpose ¢of the electrometer probe is to

measure the charge distribution over the surfaces of the vacuum cleaved
samples. The probe design was discussed briefly in the previous guarterly

report. Construction hes been completed during this quarter,

The probe has not as yet been mounted into the system due to the difficul-
ties encountered in obtaining successful double cleavage runs. It is how=-
ever planned to use the probe during the next quarter since the major &if-

ficulties involved in obtaining double cleavage appear to have been resolved,

24242 Residual Gas Anelvzer: Gas bursts have been noted during most

vacuum cleavazes. These are not assoclated withh the samples, see previous
quarterly reports, but rather appear to be the result of the vibrations
procuced during the cleavage operations, There are three likely effects
which could produce gas bursts as & result of system vibration, These are
=) desorption of physically sdsorbed meterial from the chamber walls, b)

tLe momentaly opening of microcracks in the chember walls, and c¢) desorption

ol gases from the ion pump (such as helium) which are poorly pumped and held,

AL additional port was added to the chamber to permit inclusion of a CEC

Residual Gas Anslyzer,

2.3 Dorble Cleavage Device

The purpose of this device is to obtain two simultaneous cleavages, in ultre-

hwigh vacuun, of differing siliccte minerals and then to permit measurement

ol the adhesion between these unlike samples,




The initial design of this device was similar to that of the siizle cleavage
device, the single chisel point simply being replaced by two points and the
anvil being modified to supply support ovposite both cleav 2 points. The
procedure was to a) fasten the two samples together by means of a copper
cylinder attached to a horizontal spring, b) bring the chisel and anvil into
position (the chisel tips being inserted in slots cut into each sample), c¢)
anply a gradually increasing pressure until tho cleavages were obiained, a)
rely upin the horizontal spring to pull the center pieces out of the way,

e, then, remove.the chisel and anvil from the sample vicinity, and finally,
) lower the remaining sample: halves into contact for the adhesion measure-
nente This procedure appeared to work well in air,‘but proved to be guit
inzdequate st vacuum, The major problem was the wide variations in sample

trength which produced difficulties in the maintenance of proper sample

position and sample integrity.

Morh of the air tests were made with non-silicete samples which did not
sosozos the acrlaess of the gilicates., This was done in order to preserve
culr Limdtcd supply of suitible sample materiel, However, one air test vas
maiz with silicates and was successful, Nevertheless, subsequent eviats
proved that ﬁnis success was to & large degree fortuitous. The veacuum runs
showsd that variations in saumple strength almost invarisbly led to one
soaple cleaving first. Once this occurred cne or both of the following
woull generazlly oceur: The other sample would fracture into a number of
sileces; and/or the horizontzl spring would tilt the remaining sample parts

-

to whe degree that the second cleavage could not be oblained,

Lz2 principal wodificutions made to remove (- rocuce) these problems were:



a) Attaching the copper cylinder directly to the anvil and
removing the horizontal spring:
b) Changing the anvil shaope to provide more positive sample
support.
We have made two runs since the incorporation of these modifications, one of

which was successful and the other of which was nearly so.

3.0  EXPERIMENTAL DAT

tx

ight ultrzhigh vacuunm double clecvage runs were made during this guarter,
O these, cne was successful and one, though basically uncuccessful, pro=-

vided iaveresting qualitative information,

Run #51 Orthoclase (001) and Microcline (001) Double Cleavage

) . =10
Tre Gouble cleavage was performed at & system pressure of 2 x 10

9

.y
O LZe

4 pressure burst to about 5 x 10 “mm Hg was observed, During cleavage, the

’,.

:pper sexmpie (Microcline) broke not only at the desired spot but also at the

1

crccs—pin hole holding it to the mechanical spring. The lower sample broke
izio a rumver of pieces, As the upper sample was lowered, several chips of
che Traciured orihcclase attached themselves to the mieroeline fracture face,
The largest chip was of dimensions about 0.5 x 0.5 x 1.0mm. This attachment
denonstraied the existance of adhesion and the indications were that a long
ranze attractive force was present.

We were unablc to remove the orihoclase chips from the microcline, but we

were gble with the chisel to move them over the surface to some degree. The

sarticeles romcined attached until shortly after the system was brought to
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atmospheric pressure, At that time, all indications of adhesion disappeared,
Run #52 Orthoclase (001) and Microcline (00l) Double Cleavage

. =10 __ .
The double cleavage was performed at a system pressure of 2 x 10 ~ mm Hg.

A pressure burst to about 5 x 10'9mm Hg was observed, 3Both cleavages were
zood, No realigament of the samples occurrca 3o that all contacts were made
with the respective a-axes aligned, First contact was made five minutes
after cleavage., This resulted in an adhesion force of about 0.k zm, This

force gradual lj decreased to below measurement capabilities in about two

nours, The data are shown in Figure 1,

A long range attractive force was noted for all measurements., This force,
however, did not give any indicaticas of producing sample rotation or dis=-

placement, o sample repulsion was present at any time,

Toe limited data obtained to date on the aahe51on between dissimilar sili-

coies eleaved in ultrazaigh vacaun demonstrate that dissimilar silicates

+3

will adhsre, he adhesional behavior is sinmiler to that of like vacuum
cleaved cillcates, Probably the nost interesting finding to date is that
for both runs the long range force was attractive, Discussions in previous
guarterly reports have indicated that, particularly with dissizilar vacuum
cicaved surfcces, long range repulsive forces can be produced, Obviously,
two runs are ot sufficient to exclude this possibility.

v

Ia the provious quarterly report, we presented weys in which vacuun cleavage

tarougn dofoct-produced polarization fields could cause electrostatic sur-

Toce charging. A more detailcd discussion including effects of non-unifornm
8
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impurity distributions is given in Appendix A,
These effects, for dissimilar vacuum~cleaved minerals placed in contact, can
produce both long range attractive and/cr repulsive foreces, In addition,

Tor dissimilcr minerels the respective work functions nust be considered,

T

These work Tfunction diffcrences, after cleavage has produced nascent surfaces,

produce surface polarization and hence, attraction between the surfaces,
Further data are required to determine whether the possible repulsion-pro=-

ucing mecnanisms can on occasion outweigh the work function effect,

5.0 CCICTISION:

g e >,

i
PPN

e not sufficlent data as yet to reach any firm conclusions concern-

o

ing the cdhnesionsl behavior of dissimilar, vacuum cleaved, silicates, How-

evir, the findings to date can be summarized as follows:

a) Dissimilar silicates cleaved ir ultrahigh vacuum can edhere.
o) The adnesionzl behavior of these dissimilar silicates is

licetes.

s

similar ©c that of like s
¢l Thouzh theory predicts that a repulsive force can be present,

rnone has yet been observed.
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Appendix A . B
N67-23968

Production of Surface Electrostatic Charging on
bielectrics Cleaved in Vacuum: Theoretical:'
by Jack J, Grossmaﬁ?
‘é‘o—be presented at Adhesion of Materials
in Aerospace Enviromrents Symgg;iu&»'

May 1-2, 1967, Toronto, Canada

ABSTRACT
Ryen (this Conference) has observed the formation of considerable surface

10 torr. This chargihg is stable,

charging for silicates cleeved at 10~
apparently non-unifcrm on & macrosco?ic scale, persists to 10'ZIL torr, and
contributes significantly to the adhesion., Additional cbserxrvations heve been
that the resultant force field is of such a pature that it can rotale the
eamples into eligmeent, and that vhile on smme occasions the sazples axe
attracted to any metal in the vieinity, on other occasions there is no
sttraction. This raper considers mechanisizs which cculd be responsible for

this charging; in particular, the electronic structure of crystalline dis-'

locations and non-uniform impurity distributions which produce charge mosales.

A number of theoretical models are discussed by which an electric polarization
can be induced into non-piezocelectiric, dielectric cfystals. Then during
cleavage throuzh such & polarizetion fileld, complementary charge distributions

are produced on opposite faces of the cleavage plane.

Pratt and Eshelby, et al,, postulated a Debye-Huckel type atmcsphere surrounding
an edge dislocetion. They related crystal fracture strength, in part,/to the
electrical work required to remove a dislocation from its atmosphere. The

electrical effects of dislocation rdmntion in NaCl have been measured since



then by & numbexr of investigators end establish an experimental basis for
relating part of the long renge electrical forces on cleavage surfaces to
the motion of bundles of edge dislocations and the de:foma.tion history of the

specimen.

Paired cation-anion vacancies and Frenkel defecté are examples of more simple
defect systems which contribute to electrical charge effects, especially in
the presence of non-uniform impu.ritir distributions. Deryagin's and Bryant's
observation of charge mosalcs in reversible crack propagation is an example |
of this. Finally, scme brie/f carments are nade concerning the role these
surface charging mechanisms may play‘in the adhesional behavigr of lunar

naterials.

Key Words: Adhesion, Ultrahigh Vacuuni, Silicates, Moon, Dislocatlon, Space

Charge, Impurity Distributions, Cleavege, Polarization.
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Production of Surface Electrostatic Charging on Dielectrics
Cleaved in Vacuum: Theoretical

*
Je J. Grossman

Introduetion

Ryan and Baker (this conference) [ 11 have observed the formation of consider-

10 torr. This charging is

-l

stable, apparently non-uniform on a macroscopic scale, persists to 10 ~ torr

able surface charging for silicates cleaved at 10

and contributes significantly to the adhesion. Additional observations have
been that the resultant force field is of such a nature that it can rotate
the samples into alignment, and that while on some occasions the samples are
atiracted to any metal in the vicinity, on other occasions there is no

attraction.

The long range force which attracts and alighs clesved saﬁples is assumed to
be electrostatic since no other';nown forces which could sct are attractive

at 1-2 mm separations.

Attraétion of some samples to the grounded metal chisels indicates that either
the net charge on each half of the cleaved silicate i1s not zero, or the
separation between positive and negatlve regions 16 large enough to induce a

dipolar image charge in thelmetal'to which it then is attracted.

Some samples which exhibifed long range attractive forces when brought

into contact also exhibited rotational and translational reorientation back

to their pre-cleavage eligmment. This suggesfs that the charging on mating
samples consists of dipolar or multipolar distributions which are complimentary

to one another on the méting cleavage faces.



The hypothesis explored in this paper is that the cieavage'plane 1nte;'éects
& polarization field-P.in these insuleting silica"c'e crystals which has non-
zero components perpendicular to thé cleavage' plane ? o -; = O where 11

is the unit normal vector to the cleavage plane. This peper considers,
qualitatively, mechanisms which could be responsible for this charging; in
perticular, the monopolar and dipolar structure of individuwal dislocations |
and dislocation arrays as_sociafed with stress fields and with cha.rgé mosalces

produced by non-uniform impurity distributions.

In the following sections th; monopolar and dipolar structure of edge disloéa-
tions is 1llustrated using the fec alkali helide lattice as an example. The
theory of Eshelby et al [2] of a' cylindrical space charge cloud surrounding
an edge dislocation is extended to include 8 dipole structure because lattice
syrmetry is lower 1n‘1;he vicinity of the dislocation. Then, internal polariia-
tion fields produced by organized motion of Qislocafions in stress fields is
discussed. Cleavege through th'e field leaves a net surface or volume charge
if the relaxation time 1s sufficiently long. Next the origin of internal
polarization fields due to non-uniform impurity distr:ibutions is relsted to
the position ~c.>f the Fermi 1e_:vel in the _:@orbidden energy-band-gap. Then, the
Proposed, theoretical mo@els are discq.ssed in relation 't:.o the experimentall&
observed charging effects. Finally, some brief conments are given on the role

these various processes may play at the lunar surface.

Surface and Edze Dislocation Charge Distributions

Space Charge Distribution at a Crystal Surface

.

Lehovec [3] treated non~uniform charge distributions in ioniec crystals based

on model sugzested by Frenkel [h] He considered the space-charge layer



produced at the surface of a crystal due to Frenkel and Schottky defects. The

theory 1s sumarized here because it is fundamexrté.l to wvhat follows.

If the number of lattice defects in a crystal is sufficiently small, the Gibbs
potential of the 122- component Gi is, to a good a.ppmxﬁna.tion, & logarithie

function of the concentrations Ni‘

(SC-;L/SN‘): E, #%T%(Nilzjb (l)

wvhere k 1s the Boltzman constant, T is the absolute temperature ’ Ei is the

heat of resction, and Zi is the number of possible positions of particles
of type 4. When a defect is transpoz%ed from the surface at the reference
potential V = O to same point x in the crystal vhere the electrostatic potential
is V(x) due to the space charge near the surface, the heat of reaction will be
Let N+ and N_ be the bulk conceh’crations of interstitial cations and anlons

and V+ and V_ be the concentration of cation and anion vacancies.

Then - .
.N‘_ "Q% €tP i("ut"e\l)/‘%_‘-l (3) )
N. = 22 expll-ug+evd/ery )
V, = 2 enpl-u,s —eV)/ 1] )

Vor % enpll-uy vV /Y] ()



(The Convention used is that interstitial ions are transported from the
surface to the interior vhereas for vacancies, é. lattice ion is transported

from the bulk to the surface). The space charge density is

£=elN,-NL =V, + V] S m
which is Just ccompensated by the compiementa.ry surface charge. The magnitude

of the épa.ce charge density close to the surface .is

P e - ~(8)
when Uy.. US> KT = 25 oV at 25°C, The crucisl points,vhen starting with a
perfect lattice ,‘ are -

(a) If the energy of formation of interstitisl cations i1s less than
interstitial anions, more interstitial cations will form and

migrate into the interior than interstitial anionms.

(b) If the energy to transport positive lattice ions from the bulk to
the surface is less than the transport of negative lattice ioms,
then the greater number of V, lattice vacancies will be created

than V_ vacancies,

(¢) The migration of inmterstitials (process "a" above) would leave the
surfaces negatively charged while the migration of lattice ions to
the swface (process "b" above) would leave the surface positively

charged. The net cherge is a combination of these two processes,

(d) The presence of impurities modifies the equilibrium concentrations

of vacancies and interstitisls [5].



An exact solution for the potential function was found for surface charging
by Frenkel {3] and Lehovec{ 2] and 1t 1s given in appendix A.: The important
result is.that for the NaCl ionie ia.ttice the bulk potential is

VQ(NQQ) = "0»-28 eV (9)

wvhich corresponds to an excess of Na+ ions on the surface of the crystal and
a negat'ive' space charge cloud in the surface region corresponding to Na.+ ion

vacancies. The penetration of the space charge layer is found to be

Ao = Lixie T exp (5400/T) © (10)

and the surface charge density

Q= (€€ AT/AIT sk (Ve hT) )

At T = 600°K, Q = 1.6 x 10" charges/cma. At rocm temperature the space
charge region is .15 cm deep which is comparable to the distances over which

the long range forces are observed to act.

Monopole Structure of Fdge Dislocations

Eshelby et al [ 2] analyzed Pratt's [6) suggestion that dislocations, excluding
perfect screw dislocations, in ionic crystals should be charged by having en -
-excess of Jogs of one slgn surrounded by a sheath of vecancies of predominantly
the opposite sign. In essence., tﬁe edge dislocation may be considered & one
dimensional surface which emits vacancies into the bulk of the crystal. This
establishes an electric field vhich is similar to the surfé.ce spece charge
layer treated by lLehovec. The analogy is éven more a.ppuent by considering
the transition sequence from an isolated edge dislocation to a plener array
(ﬁhich is a low angle grain boundary), to a large engle grain boundary, and
Tinally separation irto independent crystal surfaces. |



The electrical st'ructu.re of the dislocation is therefore a monopole line
charge ( @ charges/cm) surrounded by a compensating &aca.ncy atmosphere. The
mathematical problem based on Poisson's equation is similar to Lehovec's
crystal surface eduation 3 (a.ppgndix A) namely
VQ? = Q.):. w 63

(12)
with the new boundary conditions required for & line charge. Eshelby et a.l‘
glve the solution for smell values of p = e (V - Voo )/KT in terms of the
modified Bessel Function

4 = (20/e) Ko (1r) | (23)

2
wvhere 1(? = %115" (ISI+ + V_) 1s connected to Lehovec's parameter A\ by

®A =42 Recently Koehler, Langreth and Von Turkovich (1962) [ 7] have

glven a more detailed analysis.

Paysical Structure of f.c.c. Edge Dislocations

Certain geometrical properties of edge dislocations should be discussed before
the electrical theory can be extended. More explicitly,the \001’_\ edge o
dislocation in a fecc lattice of the NaCl is chosen as‘ an example, Figure 1.

It is formed by removing a semi-infinite pair of adjacent (ﬁo) planes begin- ’
ning at the slip plane. In the (OOL) plene shown e 1110} line of Na' fons
(small eircles) and an adjacent line of C1™ ions (large circles) are removed.
In the mext lower or upper (001) plane the Na® and C1~ fons interchange
positions. This alternation of ions continues in succeed:_tng Planes. Therefore,
to the order of approximetion considered hére » the perfect edge dislocation 1s
electrically neutral, though as discussed later a dipolar charge is actually

present also.



Motion of a 1001] dislocation is shown schematically in Figure 2. The disloca- .
tion core 1s comprised of three Na' ions and three €1~ ic;ns distributed in
the fom of a distorted hexagon on four (110) planes, two above and two below
the slip plene. Under stress, one Na+ ~ C1” ion pair on adjacent planes above
and below the slip plane, interchange positions moving & distance Q.‘V.é‘/h

through the stressed intermediate configuration shown in Figure 2b.

When & dislocation emits a vacancy, an ion (a Na+ ion in the case shown in
Figures 3) moves into the center of the dislocation core just below the slip
plane. The vacancy which diffuses awey from the dislocation forms part of

the compensating space charée atmospﬁere which surrounds the ion In the cgntei-
of the dislocation. The new configuration which places a charge on the dis-
location line is identical with that in Figuret 2b except that the slip plane
18 1/%4 [ 130] lower (Figure 3). In the static case, then, the charge cemter
nay be considered to be 180° out of vhase. Alternatively, when the dislocation
moves along & given (110) élip plane, the charge center associated with the
dislocation moves along & slip line parallel to the (110) slip plane but
displaced 1/1& [ﬁo] below this plare. If the seq\ienc:a of configurations for
the dislocation is represented es é., b, a' then the corresponding sequence 'foi'

-

the charge center is b,a,b'.

Calculations of the lattice distortion swrrounding dislocations in ionic fec
erystals have been carried out by Huntington et al (1955), L8] and Bassant
and Thomson (1956) 191 . In both investigations, association energies are
calculated for impurities and vacaﬁcies intezjacting with edge and scre:w
dislocations. Although Basseni and Thomson use & potential function ﬁich

recognizes differing ilonic radil for the positive and negative ions, Table 1,



TARLE 1A _
Effective Ionic Radii of Alkali Halide Ions in Angstrom Units

14" .60 to (.78) _ \ ¥ 1.36
mat .5 | cy” 1.81
£ 1.33 ' B~ 1.95
Ro' 1.8 - I~ 2.16
cs’ 1.69 | | ’
TABLE 1B
Ratio of Cation to Anion Radii

FT cL” Br~ - I
14t A5 .33 .31 .28
Na' .70 - .52 Jig i
K " .98 .73 .68 61
Rb+ 100'!" ' .& ’ 076 s 069

+

Cs 1.24 +Sh .87 .8



they computed positions only for ions in the configuration shown in Figure 1;

If we can assume thet larger diameter ions are forced from regions of high

stress to regions of low stress while the reversé is true for smaller diemeter
ifons, then ions on adjacent (OOL) planes will be displaced as shown schematically
in Figure 4. The net effect is that line dipoles are produced at each of the

six positions surrounding the dislocation corel. These dipoles can be signif-
icant because each atomic plane contributes three dipoles as compared with one

monopole charge per hundred atoms along the dislocation line.

The solution for the space ci:arge fieid produced by the dipole structure due
to the dislocation is more difficult than the monopole solution (for reasons
similar to those given by Eshelby). A particular solution for the potential

given in a form that the monopole and dipole cases can be compared is
o .
V=Vy+V = '%[Ko(ﬁuh xa-% K,(xr)cead | (k)

where a.A is the lattice spacing, Np[ opy  is the ratio of the number of
dipoles to monopoles per unit length of dislocation, Ko(x) and Kl(x) are the
nodified Bessel function of orders zero and one resPe-ctively, and gﬂ is the
angle between the radius vector ?and the dipole manuent vector—n'x'.‘ A def:ailed
analysis of these factors 1s beyond the scope of the present peper except to
note that 40 is of the order of 107> to 107 whereas Up/dy can vary from
102 to 105 . We conclude that the dipole field, in certain ecircumstences, can

meke a significant contribution to the spece charge distribution.

Another fea.fure of the dislocation which was mentioned previously is that it

lacks a center of symmetry. Therefore in a stress fileld it will exhibit a



piezoelectric effect, and the dipole moment may be considered the net
plezoelectric poia.rization induced by the internal stress field. External

pressure should modify this dipole moment so that any distortion of & crystal
should be a.ccampe.nied by a corresponding change in the polarization field.

Polarization Fields in Homogeneous Solids

Plastic deformation, dislocation climb and polygénization » which produce

slip bands and other non-uniform density arrays, sre well known ‘10, 1, 12].
These ordered and disordered textures are time dependent on parameters such' as
the stress field, tempera‘bur;a ) defom_ation rate and the slip bands of the
gpecified material. Dislocation pileup, multiplication, interaction, etc.,
are processes vhich are assumed to be an integral part of any given sample's

history, especially with naturel minerals.

In the following discussion, the final dislocation distributions and orientations
will be assumed without attempting a detailed a.na.lysis of the steps which

could produce thet_n. Instead, th—e'focus will be on the electronic charge
distribution associated with dislocation arrays and the types of long range

electrostatic fields which can be produced by cleavagé near or through the array.

-

Dislocations in Thermal Equilibrium

The trivial case, cleavage of a perfect, non-piezoelectric crystal, is one
wvhich cannot produce strong surfe.ée charging. During fomation of the surface
space~-charge layer by vacancy migration, the net external field is always zero.
However, a repulsive dipole field is produced at the edges of the crystal vwhich
would tend to prevent the crystal haives fram returning to their origi;aal

positions, Figuce 5.

10



Monopole arrays ca.n produce surface charging if the plane of the monopole
distribution is not perpendicular to the cléavage plene. A dislocation array
is represented schematicaljy in Figure 4 by a plane intersecting the cleavage
plane. It cen be'a grain boun@&ry, low 'angle grain boundary or glide bands

produced by cross-slip.

The net surface charge after cleavage is due to the uncompensated chaxges in‘
the ion atmosphere at the inmtersection of the cleavage and dislocation planes.
If @ 1s the angle between the planes and 1Cl is the width of the ion atmosphere,
Figure 6, then the width of the attractive space charge region w is

-l .
w= % ucg (15)

If the engle is 0°, the crystal containing the dislocation plane has a net
charge with the same sign as the dislocations. The net charge (equa.l end
opposite on the two faces) will be different from 'zero whenever the cleavage
plane is closer to the dislocatipn plane than l/x, the width of the ion

etmosphere.

The single slip plane in Figure 6 produces & dipole surface leyer. Figure T
shows a pair of dipoles produced by cross slip. Figure 8 shows a complex
multipole structure due to dislocation bands produced whenever the zone axes

of intersecting slip bands also intersect the cleavage plane.

In each of the previous cases, it was implicitly assumed that the disioca.tioﬁs
are randomly oriented, i.e., there are an equal number of positive and negative

dislocations. Anisotropic stress fields and Pprocesses such &s polygonization
can produce an excess of dislocations with the same gign. Figure 9 shows

sechematically the polarization field produced by the dipole moments of ordered



dislocations of a doubly deformed, polygonized crystal. In this case the

monopole charge plays no role whatsoever in surface charging.

Non-Equilibrium Ef"fects

At sufficiently low temperature, the space charge surrounding the dislocation
remains fixed in the crystal matrix' as an external stress moves the dislocation
from its original position [2,8).The dislocation motion carries with it &
charge which can be observed as a measurable current [13 , 14, 15, 16, 417] .

A dipolar charge distribution can be generated by motion of dislocation bundles .
which leaves behind the spacé charge cloud which initielly surrounds them.' |
Simultaneously new dislocations, generated by dislocation multiplication
processes, emit irmobile va.cancieé waich add to the initial space charge
densify. Intersection of this polarization fiéld by the cleavage plane

produces & surface charge, Figure 10.

Inhomogeneously Doped Crystal Effects

Homogeneous crystals which have been considered in the previous sections
1ﬁc1ude » Implicitly, crystals with imiformly distributed impurities. ’mer net
charge on the edge dislocation depends on the dopant (18, 19) ;3 for example ,.
NeCl aoped with Ca*t produces a higher positive charge per unit length than

undoped crystals, whereas OH™ ions will charge the dislocation negatively {16].

'.['he‘ fermi level or chemical potential in an snnealed erystal :Ls everywhere
constant whereas the energ}vdi-fference between the valence band edge and the
Fermi level changes with compositidn, Figure 1l. A well-knmown consequence is
the built-in electric field in the»transition zone between regions of varying

inmpurity density ‘_20, 21, 22]. The electric field compensates the diffusion



force due fo the charge carrier concentfation g_radient. Therefore, a cleavage
plane through a.n‘ inhomogeneous crystal region must intersect a polarization
field as long as the concentration gradient does .not lie in the cleavage

plane. The ciea.,v‘e.d sections may or may not have a net electrical charge which -

depends on the complexity of the impurity distribution.

Discussion

The pertinent experimental evidence which forms a framework for understanding
the long range electrostatic forces in vacuum cleaved silicates can be divided
as follows: .

e. Direct Measurement of Surface Charge - Deryagin and Metsik {23)

b. Adhesion of Mica - Bryant [21]

¢. Mininum Yield Stress - Eshelby et al L2}

d. Direct Measurement of Cwrrent Flow During Crystel Deformation

e. UHV Measurement of Long Range Attraction - Ryan and Baker (1)

f. Theory of Junctions in Semiconductors and Insulators

Deryagin and Metsik [23] found variations in the electrostatic charge on a
mica surface during cleavage which they found was sen'sitive to weter vapor.
Bryan‘li's calculations [2h] agreed ﬁth the obsexrved iﬁcrease in mica adhesion -
from 260 ergs/cxn2 in air to 2000 ergs/ cm2 in vacuun if he assumed that the
increase was due to the electrical work done A.'Ln‘ separating a moseic of
electrical charge on the clea:(rage surfaces. In air the high polarizability
of water was assuned to disrupt an undefined process which induced organized
transfer of cations to one of the two surfaces newly formed by the mice
cleavage. Since the energy of cohesion can be decreased by & factor of ten by
the cleavage enviromment, the origin of the pol_ariza’cion field which organizes

cation transfer into large ares mosaics is a significant problem.




Non-uniform impurity distributions in mica are known. Figure 12 shows shallow
etch pits due to impurities , edge dislocations in relative;y low density,

and hillocks dué to etching inhibition by impuritieé. The charging effects

in mica are most easily expleined, therefore, by variations in the impurity
distributions in the crystals. In contrast to mica, the dislocation density
in network silicates used in Ryan's work, is very ﬁigh, Figure 13. 1In this ‘

case charge effects assoclated with dislocations are important.

Eshelby derived the charged dislocation theory to show that the yield streng;th
of ionic crystals varied as “a function of the vork required to move & ais-
location out of its compensating cha.fged vacancy cloud. This could be
controlled by doping the crystal and/or varying the temperature. Isoelectric
poinfs were found as minima in the yield-stress which corresponded to neutral

dislocations.

A number of direct measurements of the currents associated with movihg |
dislocations were inspired by EShelb},r's theory {References 15-18]. Most
c§nvincing is prébe.bly thg work of Froelich [16] « In this investigation, the
dislocation is made to carry an unambiguous charge which is either positive
(pure or Ca'* doped NaCl) or megative (OH™ doped NaCl). The central region
from which the dislocations migrate £akes on a éharge op?osite to that carried

by the moving dislocations.

The attractive and repulsivé forces to be expected from disiocatic_ns and fzor;-
uniform impurity distributions is svmarized in Teble 2. Ordered and dis-

ordered arrays are important for neutral disloca.tions since the dipole moments
of equal numbers of positive and negative dislocationsv Just cancel each other,

In this case only a repulsive force can be observed due to the dipole structure

1
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at the cleavage perimeter which will prevent realigrment of the per:'.meter.. An
induced dipole attraction of the perimeter dipole on the face would be

attractive. However, it is doubtful that this could be observed experimentally.

.The line dipole structure of ne‘xrbral dislocations generates a polarization
field when grouped into ordered arrays. When the dislocations are perpendicular
to the cleavage plane a repglsive force is produced. Attractive forces depend
on the angle between the ai'ray polarization field and the cleavage plane. The
attractive force is zero (re/pulsive force maximum) if the dipole moment is
rerpendicular to the cleavage-plane normal, and the maximum when parallel. In
between, the net force can be repulsive or attractive. Multipole dis’criﬁtrtions
are possible due to non-uniform strains which order the dipoles differently in

adjacent regions of the crystal.

Charged dislocations in stressed crystals produce a 'similar behavior. The
force betweén cleavage faces 1s repulsive when the cleavage planes and dis-

location array planes are perpendicular and the force is attractive when the
Planes are parallel.

Charged dislocations act differently when annealed. In this case, the repulsion
is weaker and the ettractive force covers a mosaic area which extends only 1./1(.
from the dislocation array plane. If the cleavage is to dislocation array |
plane is larger than 1/& no attréction will be observed. Therefore, the
monopole attractive force, when it exists in annealed specimens, will always

be weaker than in stressed crystals.‘

F

Non-uniform impurity distributions produce only attrective forces independently

of stress. Ryan and Baker have observed UHV silicate cleavages with no long -



range forces, moz;opole attraction to metal objects in the vicinity and multi-
pole orientation of mating, cleaved surfaces. It 1s.not possible to say whether
lack of observation of long range fb_rces in some ceses is due to the absence

of charge mosaics or whether 11;‘ is the 'null resultant of compensating repquive

and attractive fields.

In cases where the high, initial attractive force decreases within minutes
after cleavage to a stable intemmediate value, two effects are important.
First, there is adsorption of background gas (ges bursts have been noted often
which come primarily if not entirely from the chamber walls) which neutralizes
the field external to the crystal by -pola.rization, or by surface ionization,
ion nigration and charge compensation. Second, charge separations produced
by stress during the cleavage process will rel;ax, depending on bulk crystal,
dislocation, surface end grain boundary conductivities, in times which should
be in the range 1 seé to a few hours [18, l§]. Here again, insufficient data
is availablé at present to deci@e unambiguously if one or both mechanisms are
operative. Although the long range, UHV sttractive force persists for weeks,

it becomes immeasurably small as the pressure is raised above 10‘!’ torr.

Implications of Electrostatic Surface Chargling to the Moon

Ratural or future man-induced disruption of material on the moon will produce
surface electrostatic charging in the existing ultrahigh vacum. Factors
which relaste to the magnitude of. this effect with lunar msaterial are the
relative density of dislocations and impurity density gradients when compared
with minerals found on earth, and the environmental conditions which coutribute

to discharging the electrostatic fields.

Jmpurity density gradients in lunar insulators should be essentielly the same

17



a8 those found :Ln earth minerals even though there is probably some difference
in average composition. - Differences may be expected; however, from the higher -
point and cluster defect densities produced by cosmic rays and the solar winds
vhich penetrate the surface lay‘er to vg.rying dépths. The flux of meteorites
and micrometeorites should induce & higher dislocation density in lunar surface

minerals due to shock ﬁetamorphism.

Cosmic rays, the solar wind, and solar photons (UV, X-rays and ¥ -rays) each
contribute to the electrostatic discharge process. The sputtering component
of the particle flux enhances surface diffusion {rhereas the radiation damege
coaponent increases bulk cdnductivity. Solar radiation decreases the electro-
static charging lifetime by photoconductivity, photoelectric emission and
gecondary electron emission. These latter discharging processes would decrease
the charge lifetime regardless of the origin of the material, whereas the
former, radistion damage and micrometeorite ei_’fects,vill depend on the exposure

tire to the surface enviromment prior to c¢leavage.

Conclusions
Long 'ra.nge electrostatic charging on cleaved surfaces of insulating erystals
is found to be related to inhomogeneous impurity distributions and the mono-
polar and dipolax.' structure of edge dislocations. Stress dependent disloca-
tion motion, crystal growth enviromment, and thermal history can produce
attractive forces, repulsive for;:es, or & null force due to a compensating com~

bination of both.
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Appendix A
The solution for the potential function starts with Poisson's equation

vivV= -§/ee, (A |

( & is the dielectrie constant, & = 8.8k x 10‘”‘ ap sec/volt cm,) is in

amp sec/cm3 ; X in cm, and V in volts) using the boundary conditions that the

potential V = O at the surface X = 0 and the potential gradient is zero in -

the bulk of the crystal. Then v
~e(V) = 2e (N + V) sas r (a)

where

r = elv-vi)] /T (4)3

The exact solution of equations Al, A2 end A3 is

u‘up(-vm +) g{;({)ww{wr(-f«h) o

exp (~pla) =\ exp(-pela) —1

vhere the length A is

X = ce,nt fact [N 4 ] o
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Footnote Page

* Principal Sciehtist s Lunar end Planetary Scienceé Branch, Space Sciences

Department, Douglas Aircraft Company, Santa Monica, Californis.

1. Additional relaxation may be possible if the six atoms in the core

take on a "2" configuration similar to the (111) zincblende structure.
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Figures
Structure of edge dislocation in fecc rock salt crystal perpendicular

to the (001). Smell circles represent Na@ ions and larger circles c1L”

ions (not to scale).
Motion of [0011 edge dislocation in fec rock salt lattice.
Schematic of edge dislocation emitting a Na.+ ion vacancy in fecc crystal. ‘

Net dipole mcment of edge dislocation produced by stresses acting on ions

with different radiij fec rock salt structure.

s

Dipole fringe field at the perimeter of a cleaved, homogeneous » single

crystal with no dislocations.

Lire dipole charge on cleaved surface due to plene srray of charged

dislocations.
Parallel line-dipolar surface charging due to cross slip.

Camplex multipolar surface charging due to plane srrays of charged edge
dislocations.

Polerization field pi-oduced by dipole moment of oriented edge dislocations.

Surface and volume charge distributions produced by plastic deformation.
Edge dislocations carry positive charge.

Cherge distribution and electric field produced by two different Impurity

levels in adjacent regions of a crystal.
Etch figures on cleaved mica (001).

Eteh figures on orthoclase (001).
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Avpendix B -
N67.23969
Aghesior 3] Belhavior of Adr end

Ultrabigh Vacuwm Forrmed Silicete Surfzces

fay 1-2, 1957, Toronto, Cancda

Tt ié generally believed that the Jurar ourfave consists proxarily of
silicates, and thet these may exhibit significant adhesion 'indsr the ultre-
nl:zh vacuwm contitions present. This paper presanis resulls to date on a
study of the pousible edhesioral behavior of lurer silieates. To place
reasonable bounls on the ra.ngse' of Junar adhesional phenaneni two types of
silicate surface have been cousidersd: the air-fon:ed., or :ontaminateqd,
surface and the vacuuﬁn-fomed,. or ";:lean'; surfzce. It was found, for the
sir-formed surfeces, that the adhesion force ras gererally celatively low,
in no case excedding 5 x 102 ‘Lynes. Under lov lced the adhasion apreared
to be due to the acticn of the dispersiom. for:cs, and was g:ne ré.lly in the
renge 107t 1 dire. At .hig,héf lo2ds the adnesion force increased repidly
end eproared to be due to the action of the normal atcmic bonding forces.
It was found for the vacum-formed surfaces thal the a .s::ion force was
much larger, cn¢. that a consideredle amount of surface electrosinetic
charging was pridused during surface forwatio:. These resclis indicate that

the range of lw ar adhesional phenccena can b2 quite large.

Key words: Achesion, Ultrahizh Vacuum, Silicates, Moon



Adhesional B<havior of Air &nd Ultrahigh

Veowen Formed Silicate Swrfaces

/

/ Introduation

‘‘ne lurar surface is beccming an inereasingly inmportant par: of the gero-
space envirorment. Since the Moon locks any evsreciable atzosthera (the

surface pressure is less than 10710

torr) gdhesion vroblems cen be expcected.
‘These will in many ways be sinilar to those encountered in Interplanetary
space, but the VYoon poses som: vexy special yreblems of its ewm. In
sarticuler, we nust not only e concerned wifh edhesicn betseen mission
2omponents, bu;vaiso with adh:sion between these ccmponznts ard lunar
wmeterial, and the adhesion of lurar matefiel to itself (this latter determ.nes
how well the surfece may suppirt whatever structure we plac: upon it).

This pagper presants results of a study to determine what tha adhesioral

behavior of lunar material may be.

It is generally believed that the lurar surface consists primarily of
silicates. Silicates are an interesting grovp of materials for adhesion
gtudies principa2lly because tiey have pro;erties walch are significantly
different from those of the materisls studied most intensively in the past
(the metals). Of note, their bonding is highly directional, they are

dielectrics, ani they exhibvit a highly brittle tehavior.

In order to determine the possible adhesional] bderavior of lunay silicates,
we are faced with three fundazental questions: what is the nature of luna:

silicates, what is the nature of lunay silicate surfaces, end what is the



..

ratvre of the surfrees of thoze tervestricld :ztefials vhicl. w2 nay take

to the licon? We do nct preszutly knov tbé types of silicates present on

{ihe Moon nor how the Moon's ervironme nt may afTect their st:uctuves durig
Tormation. Ve can, however, rinimize these uncertainties b;- chosing for
rtudy the mest comen of the tervesirial (and neteoriiig) s:.licates and by
utilizing only the most perfect sprecimens eveilsble (this reduces the effects

of the Ferth's envirorment sutseguent to sazmple formation).

fs for the nature of lunar silicate surfaces we can mske a :<casonzvle gusss
“hat trey could range from uliraclean, vhere the charge and coordination
demands are unsatisfied, to s<m§what contamirsted, vhere su’ficlient foreigr
naterial has been added (throtvgh adsorbtion and chemical reaction) to
seeJtially satisfy the surf@(e demgnds. anally, the bulk of the naterials
we teke to the licon will srrive with a good part §f their torrestrial surface
contemination iatact (d.e. oxi&é levers, hyvdrated laysrs). Subsequent exposure
to the lurar envirorzent, pariicularly to the soler wind, cin cause a gradvel
surface cleaning ard eventual corplete removal of all terrestrial conSzmina-

%ion. This contamination can also be rencved by simple mec:ianical sbrasior.

The general projlem of lunar :dhesion then becomes & case of ne°suring tre
adhesion betweea the materials involved utilizing the possisle range of

surface states. To date we have studied the adhesicn of coateminated silicates
contacting contemirated silicates and engineering materials, =ard clean silicates
contagting clea1 silicates. The contaminated case was cobteired by forming

the coﬁtacting surraces in eir and subje 2 then only to vacuum and heat.

The "clean" cas» was obtained by forming the contacting surfaces at ultrahich

vacuum, by cleasagze. The results for contaminated silicate: contacting
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contarlinated silicates, along with related studies by cthers, have been

reorted previcusly [3]). Hence, these results are only suomarized brieflly
in this paper. Most euphacis ir given to the results from the vacuum !

cl:=avage sfudies.
/

i
|
! Ixperirental

Details of the techniques of sanple febricatiorn, cleaning and mouniing, also,

_tre exparimentel equiprent, have beoen detailed elsevhere [3, 4, 5). These

are sumearized briefly in this section.

S:mples and Prepsration

Tre silicate sarrles chosen wer:, emong the mirerals, crihoclase, albite,
b;townite, hornblende, hypersthane, lebralorite, micrccline, and ardesine.
I eddition, a tekti%e end an cosidian were studied es representetives of
d:.sordered silicete structures. This set was chosen because t1e mirerals
are of common occcurrence ard repressrpt a large range of silicate structures.

D:teils of the chemical and physical properties of these materials are given

by Dana [6]. :

Tae engineering raterials chosen were sluminum (pure; 2C2k), alumina, titanim
(5A147), megnesiwn (pure; AZ 3:3), beryllium, nickel, and comercial gless
(Corning #1723}. These materi:ls were chcsen in rart -vecausz of their

possible use for lunar missions and in part because of their general interest

for research purposes.

The samples for ‘he study of aihesicn between uir-formed surfaces were
Tebricated into cisks about 0.3 cm long end 0.5 cm in diameter. The samples

for surface production in vacwrmn, by cleuvage, wore formed into disks of the



stme disneter; bt twice the leigth, and were 20otched at the point cleavage

wiis desired.

Viicuuwn System and Fxperimental ipraratus

Tie vecuun systen is o2 escsenti2lly ell-metal ccastruction (0% ciainless
s:eel). FRoughing is done with e bank of three corpticn pumps; the main
system pump is & 200 1 »sec‘l dcn pump. Pressure is monitor ed with a "nule”

Payard-Alpert ionization gage.

The expsrimentsl epparatus used. for measuring aihecicn betwezn the air-formed

surfaces is showa schamatically- in Fig. 1. Ar electrczegunet was used to

. 6 \ - v
epply load force (up to 10° dyues) to the samyles for the study of the depcidence

¢ edhesion on load. Loadmc- was produced by the stiraction of the retal
Tuckat toward the mazuet. The magnst current wes then redu;':ed to zero and
the magﬁet withdrewn. Acdhesic: force was measurad with a tcrsion micro-
1xa1ancé. This balance cen measure forces as emall as 2 x 10 -2 dynes and as

arge as b x 10 d,,rnes.

'™his system was 'no;iii‘igd for tie vacuum cleavége experizents principally by
;he replacement of the balance with a precisicn mechanical tpring attaéhed
30 & linear moti-:r; feedthru (Fig. 2). Adhesion force was then determijned

2y reading the siaring deflection with a cathetcrmeter., The spyring allowed
meeasurement of edhesion force as small es 102 dynes end a8 large as 2 x 10”
lynes. Cleavage was obtained by epplying a gz'adually Increasing pressure
toa chiéei, the tip of which was inserted inlo a pre-cut notch in the sample.
Tha chisel blede was shaped so that pressure vas applied cnly» to the side

faces of the slct, 2s shown in Fig. 2.



Aix-Formed Silicates Contecting Adr-Tormsd Silicates

ale foxr this series of runs ere given in Fiz. 3. This figure
shows edhesicn force &5 a functlon of 1lcad force, &t rocm tampzrature., It is
seen that initi2lly &5 dcad force is incronssd there is only 2 £23l1) incracse

in the edhesicn force; but adbove a given load Fforce th2 edresion force begins

to incresse very rapiclye.

s ae =10 .
System pressure for most runs wes in the range 1-3 x 10 torr; in no case

10

was the pressurz above 6 x 10 torrs The rauple surfzace roughrness wes i

all cases betwean apprcxinately 3«5 micrdns j22k to peak.

In }10 case was adhesion detec:ied prior to system evacuotior. Adhesion
appéared, howvet2r, once base pressyre was echieved. Introinction 6f nitrogen
to the z;:y-stezﬁ (to atmospheric p*essu.re) sufficed to cause Irmediste disap-
pearance of the relatively high ragznitude adhesion eprearirg under 1oad.
However, the low lcad, low magnitude edhesion tendaed to persist until air

vas edmitted, st which time it dissppeared also.

Thotomicrographic study of the contacting swfaces reveals:{ tha®t if the
relatively larg2 adhesion was present at vacium, a considz:-able saount of
surface damage and meberiel transfer occurred., Alterzatively, ro surface

change cceurred when mly low macnitude edhesion was obserieds

Alr-Fcamed Silicates Contacting Encsinsering Materials

Representative ista for this series of runs exe shewn in Fige 4. The general

experinmentsl c¢nditions and cbservations wert: the ssme as Tor the silicate



Al

giliczte runs Aezeribsd in th2 previous subesccticn,.

Vecvui Clzzved Siliczles .

Scme ¢f the dalta obtelined to inte for this series of runs 1xre precented in

3

Figse. 5 end 6, These figurses snow edhssion force as & fun:tion of time aftex

.

!
clcavege for various comple ratsrials and ordicntations. The cdate were cbiained

et room tenperature ard no lcad force vos :.1_:_H ede S
~L s

rsten pressure, at clexvage,
was in ell coses in the ranze 8 x 107
noted for mecst rb.ns dering tte poricd ebout 2lezavece., Thne gas source is not
the sample its:lf since thris behavior could oe reproddced Hy rerfoming 82l
orerations asgsociated vitﬁ cieavagze excery tae cleavage it ;elf.' FRather, 1%
eppears to be duz to dasorvtion fron the chalber walls cc. sed by syaten vibraticon.

The bursts, for the runs skc: n, d4d not excz2d the 10 ~10 tirr range.

-

It is seen that the adhesion shows a rapid iaitial decreas: altsr cleavage
followed gererally by & long pericd during which little chirge occurs, This
is periicularly evidemt in Fig. 6. The adhesion magnitude is also much

larger t‘.w.n th2t obsexved for the e.ir-fcw-:l surface runs.

A rather strong long range sitractive force #23 found to t2 present ggneng.ly.
In many instanzas It was suf:iclently s_’\:reng to pull the samples into conlast
for serarations less than 1-2 mms It w23 also capable of rotating and
displecing the samples into their pzle-clea.va;e mateh even with considerable

inftial mismatch afler cleavage. The greatest such effect noted to date was

4]
-~
7
"%
"
8
i
2
®

Q .
one run whers tha force overcema 2 30 miematceh in rotatics

wvith respact t> the lower szuple) and & L = laterel dleplacemant, Addit: one
ally, it hes b2en found that for scme runs tals force canced attraction .

any metal in the vieinity, whereas in other runs there was no ettraction.



£11 indicatiore of edhesion, 214 the long ranse force, disappeared irmediatel;
P P PP y

tpor raturning +hLe sysbew to esmospheric presswra.

Discussion

Air-For:ed Surfecce Achesion

Tetailed discuseien ond interpretation of the adlicsionzl bebzvior of the
gir-formed surfeces have dbeen given previously {3, 4, 5). These ere swmarized
kere prizarily for coaparison with the results cotained with tke vacuma cleaved

samples. .

Two types of betavior ars evidmt from Figs. 5 and L. The first type,
eppearing at higher lozd, is chiaracterized by a very rapid rise in the
edhesion force es .1cad force increases, by being vresent only at ultrahich
vacuwmm, end by producing extensive surfaée darage and material transfer. A
rarticulariy int.eresting case of the latter characteristic is shown in Fig. 7.
This figure shows an essential:;y pure nmegnesiva swrface after contact unier
load with orthoclase. A numbe:s of pitvs end hillecks are evident. The pits
represent arees where magresiun has been plucked frcm the surfzce (and
deposited on the orthoelase). The hillocks sppear to repressnt distorted -
grcas where the forces involved were not sufficiently strong to producej a
rit. Electron microprobe enal:rsis (courtesy r. L. Jalters, MASA Goddard)
ravealed that orthoclase had been deposited in the vieinity of the pits and
cn the tops of the hillocks. %The adhesion of this orthoclase to the megnesiwm
was rquite strong, the cxthoclase reéisﬁing removal by} mechan?'.cal action. A1l
observaticns indicate sirongly thet this high lcad adhesion is produced
tarough the actisn of t’ne silicate atomie bonding Forces, and that these sci
cnly when sufficient load force is epplied to -ause penetration of surface

contemination, and to produce enfficient distortion tc permit such bonaing.



Tre seccond tyrz of adresional }e.av1or ig characterized by its saall
magnitude, its presence at low lozd, its relative in:ensitivity to increase
in load force, its persisternce in nitrcgen et aic uapacrie prassure, end its
apparent inability to cause swlface damage end material transfer. An

vin &uO'E, is tuat

[12]
(%3

elditional observation, reported in the rzferencss
tae magnitude of this adhesion increases rapidly as surface roughress decreacses

—~

(in contrast to the hig -lc““ edhesion which sppears to te indepandent of rouzhness).
All these observations indicate strongly that the low-lcad sdhesion is caused

tarough the action of the disp:rsion forces (london-Van der 'Jaels).

Vacuun~-Forzed Sucface Adhesion

Tae most notable differences between eir-formed and vacuum-formed surface
slhesion are that (l) the edhezion between tht vacuum- formﬁd surfaces is
mich larger particulerly during the early stages after cleavage, (2) these
large velues are produced withcut the application of load foice, and (3)
vacuum forﬁgtion produces a strong long-renge attractive force which was

n:ver observed for the air-forred senples.

Tiere ars thfee.pdssible edhesion-producing mechanisns for the vncuun-forr d
s wfaces. These are the acfion of (1) the silicate atcmie bording forqés,
(2) the dispersiun forces, and (3) electrostatic charging (this is in
contrast to the air-formed surfaces where, besides thése forees, surface
contamiration car. play a roie). Of the thres it can be stated with
certainty that tte dispersion forces make littlie or no contridution to the
observed adhesior. This is con:luded because targe magnitule adhesion has
aprecared for runs where the surfeces produced irere, inadvertently, of

extreme roughness. .



Of the remaining two possibilities, it is certioin that electrostatic

charging is prcduced during surface formation. Thic fellows indire

1)

ERn B
“Ly

Fie

-

but unavoidably, from the obserrations of a strong long rangé force which
cculd pull the samples into coniact for separation up to 1-2 mm. The case
fcr the action of the silicate atosic bonding Torezs, for ctiontizlly touch

ccntact between the samules, is not so clear.

Fig. 6 shows one of the runs of particular interest. Shortly after cleavage‘
we see that & lerge adhesion foree was present (8 x 105 dynes). This force
dcereased repidly during the next few minutes, bottoming out at a constant
firce wvnich persisted escentially unchanged for an extended ericd. If we
e:ctrapolate backwards in time to shortly sfter cleavage we s:e that the

e -lhesion force apparently was then very much lurger. During the reriod of
ripid decrezse we measured; by cathetometef, the distance of sample separation
a5 which they were pulled togetﬁer, finding that this remain=d constent.

Tais apparent corstancy of long range forcg contrasted to the large decrease
ia adhesion indicates that during this period more than one procesc was ecting.
This initial larce adhesion mar be due to the action of the silicate atonmic
tonding forces. Additional indications that tis may be the case were noted
for several runs, not shown, where the samples contacted swirounding system
components resvlting in transfer and adherence of metal to the sample. For
the period following the rapid decrease, however, it eppears rather definite
that the surface charging is primarily, if not entirely, responsible for the

a#dhesion.

"The possible oriidin ¢f this surface charging i3 worth note. During the

initial vacuum ¢’ eavage runs we observed only 2 direct attraction (no

10



rotation or aisp’acement) which indicsted 4o us that the char.e vas provably
p*ouvced throuzh the breskoge of the gicaic bonfs. That is, silicates

possess a nucber of different types of atoms (ions) and when leavage (or
fractura) occuws it is hence porsible that either a random or non-ranch
seceration of ions cecurs,  For the sangples sta2led to dﬂt» e scpa ation
should be randcu, e&rnd hence we nade scme order of magnxtude ci:lcwlations to
determine whelher the coserved Jorce could be exyplained on this vasis. It

wves found that a charge excess of ovly-lOT elnrentary charrea was reguired.
Since = 1013 bonds ware broken :.n the cleavage, such a net charge is easily
explanable on & :endcom cherge s:paration basis. However, lat:r observations
(sample rotation and dicplacemet) indicated tict the field is mecroscopically
arisotrcpic. This anisotropy cainnot té explained on the basis of charge
separation due to bond breakage. Rather, it 2ppears that the defect structures
of the crystals rnay be the majoé contributers. Possible charging mechanisms

related to defect mecheaniems arz discussed by Grossman (this symposium).

Implications to Moon

It was noted in-the introducticn that the rmaterial surfaces on the Moon could
range from ultraclean to somewkat contamiﬁated. Siﬁce the duta obtained to
dute indicate tbdt adhesional rhencmena for silicates are hijhly dependent
upon the surface state it can te expected that the adhesional. belavior of .
lunar materiels will be hilghly iariable in both space and tirie. Also, that
the precise behavior during a yarticular operation will depend upon the
history of the swffaces involved, ard upoa the particular opiration being
performsd. For .nstance, if we wish to determlne the adhesisa problems
posed to & men w:lking across the surface we mist ask: ere the surface

materials clean or contaminaled; wiaml iIs Lhe malerial of Lis Loot in contact



v .th the surfae how much abrision of the boo- tnd surfaze ::zberial can be

2 o e
espected; what is the ezmount,

o end throvgh the suwit; end finally, will he just walk ov:ir the surface
o will O'El;éner operalions be pe:formed (such es brezking off xcck sanmples,
thereby producing firesh Surfeces)?  Ircbably the moot fmport:nmt of these
questious concerir:s the emission ol gas from and through his sult since this
may well determine the ednesion behavior encountered (oxygen is of rarticular
importance sirce the surface is likely to be o'yzen deficient). If, on the
other hand we wish to drill inlo the surface we must ask ourselves the
t >chnique to be used, the dril.. ma’ceriél, and “he temperatur:s that may be
g-a_nerated. Drilling Talls into the general cliss of operatisns whieh must

iwvolve production of fresh swlfaces end hence for which edhision shouid

pose the greztest r ¢blen.

Sinece adhesion phencuens dr.benu. 80 greatly on the particlﬂ.ar conditions and
the orerations to be performed, discussion of vh;at might occae in given
iastances cen beccme ratherv Imolved. Nevertheless w2 cen mike sowe general
scatexments bescd upon the lebho:atory findings:

(1) Adhesion %ill not in gimerasl be a mejo- provlem on tie Mocn nor
will it be the n2jor contributor to so:'.l strength privided the
follow:‘i.n.g two conditions ere met: a) ell material surfaces
in contact are contemirated, end b) the operations parformed do
not recove the contamination nor load the soll to any large degree.

Ir tk;es conditions are met the e thesion will b2 caused
priarily if rot entirely by the :lisversion for:ss =2rd the
mazi1ltude of the zdhesion, consid *r’rg the graii lrregularity

and the swrface roaghness of tre 12 jority of enzineering



surfaces, will be ze)l. The only ;cséiole difficulties

vould involve optically flat surfaces end thicse 1s2d to

produce vacuwm (or air) tight scals. If these conditions

ere violated then “he imporience of adhesion can be expected

{to increase greatlre The case whore 2lecn swurlsces are produced
is Ciscussed below, If the surfaes are heavily lozded the
magnituvde of the_éiheSion force cdan be exvected to incresse
repldly. For the s0il itself this reans that alhesion can now
contribute significantly to the strength (the lcad it can support)
and from Fig. 3 we see that the s>il behavior w:1l deperd strorgly
upon its lcading ristory. Additionzdly, the aldl erezace of the
soil to engineerirg meterisis will increase and materisal

transfer and surfccce disruption «will cceur. Thig is of
particular importence té eritical cczponents su:h as optical

and themal control surfaces and indicates that dvring removal

of soil metefial ceposited on these surfaces gr:abt care should

be *aken not to apply lced force (1.e. mechanicil removal

tecmicuss should be avoided if jossible).

(2) Adhesion can beccrme a najor problem on the Mcoon end te the major
contributor to soil stsength i£: 2) the soil swiaces are wltra-
clean and the enginzering meterial surfaces ere clezned by
mechanical ebrasion or spubiering, or t) the operaticns performed
produce fresh surfaces,

The maznitude of the adhesion in this case will. be much larger
then for the conteminated surfact: case ard the general pr§blem;

correspondinily rare severe. Tn sAdition. a considertble

-




srownt of surface electrestatice chargirg can be exxzaecied,

This long rsnge electrostatiec force, in pezticular, vill rake

it difficudt to rizmove adhering matexial by recasnical. means.

An addition2) proldem of note is that if the scil strength is
@etermined prirar: 1y by athesion, lzrge deereasszs in strength can

ccciir 1€ the operitions we pzriora upon the soil add contemina-

| A tion to the grain surlaces.

Cenclusions
fhe following coiclusions cone:raing the adheesional behavio: of silicate

Yave beca romchel 3z this papest

(l) The adhcsion between combaminated surisces is generelly low and
produced by the action of dispersion forces, provided the surfaces
are not loaded 1o any mealbl degree. The edhesion irorsases rapidly

under lozd end produces materlal transfer and surface disrupticon.

»

(2) "me adnesion between ":lean” surfaces is nuch lerger than tebween

conteminated surfaces, ard the formation of clzan dielectric

'
!

surfaces in vacuiza proiuces a consldeiradble amount of suvrlace
. /

electrostatic charging.

(3) Since both clean and c¢ontaminated surizees may exist now, or in t@e
future, on the Mcon, the deta indicate that a large range of

ednesioral phancmena can be expected on the Moon,
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